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ABSTRACT 

This r e p o r t  p re sen t s  t h e  r e s u l t s  of an i n v e s t i g a t i o n  of 
d rop le t  combustion i n  a i r  a t  pressures  s u f f i c i e n t l y  high f o r  t h e  
d rop le t  t o  exceed i ts  c r i t i c a l  temperature during combustion. For 
t h e  tests, the  d rop le t  w a s  supported from a quar tz  f i b e r  o r  a 
thermocouple, contained wi th in  a s m a l l  p ressur ized  chamber. To 
prevent  t he  d rop le t  from f a l l i n g  from i t s  support  due t o  reduced 
su r face  tens ion ,  t he  experiment w a s  c a r r i e d  out  under zero-gravity 
condi t ions.  Combustion l i f e t i m e s  and d rop le t  temperature measure- 
ments are repor ted  over a pressure  range from 100 t o  2000 p s i a  f o r  
n-decane and n-hexadecane. 
were found t o  agree  reasonably w e l l  wi th  a v a i l a b l e  t h e o r e t i c a l  pre- 
d i c t ions .  

Experimental s u p e r c r i t i c a l  burning t i m e s  
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CHAPTER 1 

INTRODUCTION 

1.1 General Statement of t h e  Problem 

Fuels f o r  propuls ion and power systems can be  categorized as 

A b ip rope l l an t  f u e l  being e i t h e r  b i p r o p e l l a n t s  o r  monopropellants. 

system c o n s i s t s  of s e p a r a t e  f u e l  and ox id ize r  streams which are 

combined and burned wi th in  a combustion chamber. 

system a s i n g l e  stream of p rope l l an t  i s  decomposed i n  t h e  combustion 

I n  a monopropellant 

chamber t o  form high temperature gaseous products .  

Due t o  t h e  widespread use  of b i p r o p e l l a n t s ,  numerous i n v e s t i -  

ga t ions  have been undertaken i n  r ecen t  years  wi th  t h e  o v e r a l l  

ob jec t ive  of developing methods f o r  p red ic t ing  b ip rope l l an t  combus- 

t i o n  chamber performance. An i n t e g r a l  p a r t  of t h i s  work is  a good 

understanding of t h e  combustion c h a r a c t e r i s t i c s  of i nd iv idua l  f u e l  

d rop le t s .  

aspec t  of t h e ' b i p r o p e l l a n t  combustion problem wi th  p a r t i c u l a r  

emphasis on t h e  high pressure  combustion c h a r a c t e r i s t i c s  of s i n g l e  

f u e l  d r o p l e t s  burning i n  a i r .  

The present  i n v e s t i g a t i o n  i s  a con t r ibu t ion  t o  t h i s  

1.2 Previous Work 

In at tempting t o  p r e d i c t  combustor performance, Priem (1) 

developed a model using d rop le t  vapor iza t ion  as t h e  rate c o n t r o l l i n g  



process  i n  a combustion chamber. P r i e m  

drop s i z e ,  i n i t i a l  drop v e l o c i t y ,  f i n a l  

ca l cu la t ed  the  e f f e c t  

gas v e l o c i t y  , chamber 

2 

of 

pres- 

s u r e ,  i n i t i a l  l i q u i d  temperature and gas temperature on t h e  chamber 

length  necessary t o  complete t h e  vapor iza t ion  of a s i n g l e t  d rop le t .  

Priem and Heidmann (2)  modified Priem's o r i g i n a l  ana lys i s  and used 

i t  t o  model b ip rope l l an t  spray c h a r a c t e r i s t i c s .  Their p red ic t ions  

were co r re l a t ed  wi th  a c t u a l  combustor performance and were found t o  

agree w e l l  a t  moderate pressures .  The importance of P r i e m  and 

Heidmann's work is i n  the  f a c t  t h a t  they used a model based on 

ind iv idua l  d rop le t  c h a r a c t e r i s t i c s  t o  p r e d i c t  combustor performance. 

This approach has  been widely employed i n  design app l i ca t ions .  

The success  of t h e  Priem and Heidmann model pointed out  t h e  

necess i ty  of understanding t h e  combustion of i nd iv idua l  f u e l  drop- 

lets. The ear l ies t  s t u d i e s  of s i n g l e  d r o p l e t  combustion centered 

on the  "steady burning period." This i s  t h e  po r t ion  of t h e  drop- 

le t ' s  burning l i f e t i m e  where a l l  t h e  h e a t  t r a n s f e r r e d  t o  t h e  drop- 

l e t  from t h e  flame is  u t i l i z e d  f o r  t h e  hea t  of vapor iza t ion  of t he  

f u e l  leav ing  t h e  d r o p l e t  su r f ace .  

temperature of t h e  d rop le t  remains cons tan t  a t  i t s  so-cal led "wet  

bulb" temperature,  which i s  s l i g h t l y  below t h e  b o i l i n g  temperature 

of t h e  f u e l  a t  t he  ambient pressure .  Various p red ic t ions  of t h e  

burning rate have r e s u l t e d  from ana lys i s  of t h e  s teady  burning 

per iod  (3-51, and they were found t o  genera l ly  agree  with experi-  

mental  r e s u l t s  a t  atmospheric p re s su re  ( 4 - 7 ) .  

During s teady  burning t h e  

Inves t iga to r s  a t  t h e  Univers i ty  of Wisconsin modified t h e  

earlier ana lys i s  by consider ing as w e l l  t he  hea t ing  of t he  d rop le t  
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from i ts  i n i t i a l  temperature t o  t h e  w e t  bulb temperature (8-10). 

The Wisconsin s t u d i e s  considered vapor iza t ion  during hea t ing  and a t  

the  w e t  bulb state.  The predic ted  l i f e  h i s t o r i e s  agreed adequately 

wi th  measurements of d r o p l e t s  vaporizing i n  t h e  absence of combus- 

t i o n  i n  an a i r  environment a t  temperatures up t o  620'F and pressures  

from 1-4 atmospheres. 

The s t u d i e s  mentioned above a l l  approach d rop le t  combustion 

by m e a n s  of a quasi-steady ana lys i s  making the  following assumptions: 

1. 

2. 

3 .  

4. 

5. 

The r eac t ion  takes  p l a c e  i n  the  gas surrounding 

t h e  d rop le t .  

The temperature and concent ra t ion  p r o f i l e s  i n  t h e  

gas phase a d j u s t  ins tan taneous ly  t o  changes i n  

d r o p l e t  temperature,  diameter ,  v e l o c i t y ,  and drop- 

l e t  su r face  f u e l  concent ra t ion ,  i .e. the  p r o f i l e s  

are s teady  s ta te  p r o f i l e s  f o r  t h e  e x i s t i n g  boundary 

condi t ions  a t  each i n s t a n t  of t i m e .  

The r a d i a l  motion of t h e  d rop le t  s u r f a c e ,  due t o  

evaporat ion i s  assumed t o  have a n e g l i g i b l e  

in f luence  on t r a n s p o r t  rates. 

The r eac t ion  zone is  assumed e i t h e r  t o  be  t h i n  

(3-5) ; .o r  s u f f i c i e n t l y  f a r  from t h e  d rop le t  s o  t h a t  

i t  exerts a n e g l i g i b l e  inf luence  on t r anspor t  

rates (1, 2) .  

Fuel  i s  consumed i n  the  r eac t ion  zone a t  the  same 

rate as i t  evaporates  from the  d r o p l e t .  
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The assumptions of t h e  quasi-steady a n a l y s i s  become question- 

a b l e  a t  high ambient pressure .  

and Brzustowski (12) ,  who attempted t o  set l i m i t s  on the  range of 

v a l i d i t y  of t h e  quasi-steady ana lys i s .  

This w a s  pointed ou t  by W i l l i a m s  (11) 

I f  t he  d r o p l e t  r ad ius  r eg res s ion  rate i s  assumed t o  be  negl i -  

g i b l e  compared t o  t h e  v e l o c i t y  of t he  vapor leav ing  the  l i q u i d  

su r face ,  t h i s  impl ies  that t h e  l i q u i d  dens i ty  is  much g r e a t e r  than 

the  vapor dens i ty .  This i s  no longer t r u e  a t  high pressures .  I n  

add i t ion ,  a t  e leva ted  p res su res ,  t h e  a b i l i t y  of t h e  concentrat ion 

and thermal boundary l a y e r s  around t h e  d rop le t  t o  a d j u s t  r ap id ly  

enough t o  maintain s teady  s ta te  p r o f i l e s ,  as requi red  by t h e  quasi-  

s teady  t h e o r i e s ,  becomes quest ionable .  

Another aspec t  of t he  high p res su re  combustion problem w a s  

considered by Wieber (13) .  This i s  t h e  p o s s i b i l i t y  t h a t  t h e  d rop le t  

may reach i t s  c r i t i ca l  temperature before  t h e  end of combustion. 

Wieber used a quasi-steady a n a l y s i s  t o  c a l c u l a t e  a d r o p l e t ' s  approach 

t o  t h e  c r i t i ca l  po in t .  Performing ca l cu la t ions  on an n-heptane 

d r o p l e t ,  h e  found t h a t  f o r  pressures  of two t o  t h r e e  t i m e s  t h e  

c r i t i ca l  p re s su re ,  very l i t t l e  of the  i n i t i a l  mass of the  d rop le t  

had vaporized before  the  d r o p l e t  reached i ts  cr i t ical  temperature.  

Wieber ind ica t ed  t h a t  s u p e r c r i t i c a l  burning could be  encountered i n  

high p res su re  systems such as rocket  and d i e s e l  engines.  

Spalding (14) descr ibed a model f o r  s u p e r c r i t i c a l  combustion. 

A t  t h e  c r i t i c a l  p o i n t  t he  d r o p l e t  has  e s s e n t i a l l y  become a pocket of 

gas.  

f u e l .  

Spalding approximated the  vapor pocket as a p o i n t  source of 

The combustion process  w a s  presented by t h e  flame s u r f a c e  
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approximation, i .e. a d i f f u s i o n  con t ro l l ed  flame wi th  an i n f i n i t e l y  

t h i n  r eac t ion  zone. Thus, cons idera t ions  of chemical k i n e t i c s  were 

e l imina ted .  Rosner (15) has modified Spalding's a n a l y s i s  by con- 

s i d e r i n g  t h e  f u e l  vapor pocket t o  be  of f i n i t e  dimensions. The 

following a d d i t i o n a l  assumptions w e r e  made by Spalding and Rosner: 

1. A s i n g l e ,  i r r e v e r s i b l e  r eac t ion  occurs i n  the  

flame zone. 

2 .  Fuel and ox id ize r  d i f f u s i o n  are described by a 

pseudo-binary F ick ' s  d i f f u s i o n  l a w  with equal 

d i f f u s i o n  c o e f f i c i e n t s .  

3 .  Reactant t r a n s p o r t  by convection is  n e g l i g i b l e  

compared wi th  d i f f u s i o n .  

4.  F lu id  p r o p e r t i e s  are cons tan t .  

The ana lyses  by Spalding and Rosner are app l i cab le  t o  a drop- 

l e t  burning above t h e  c r i t i c a l  po in t .  

p re s su re  dependence of one t h i r d  and an . i n i t i a l  diameter squared 

Both t h e o r i e s  p r e d i c t  a 

dependence f o r  t h e  d r o p l e t  burning l i f e t i m e s .  

have no t  been v e r i f i e d  experimentally.  

These p red ic t ions  

A d e t a i l e d  de r iva t ion  of 

t he  Spalding and Rosner theo r i e s  i s  found i n  Appendix A. 

Experimental i n v e s t i g a t i o n s  of s i n g l e  d r o p l e t  combus t i o n  have 

most o f t e n  been conducted on suspended d r o p l e t s  (4-10). H a l l  and 

Diederichsen (16) have conducted suspended d r o p l e t  experiments a t  

e leva ted  p res su res ,  measuring d r o p l e t  burning l i f e t i m e s  a f t e r  

i g n i t i o n  as a func t ion  of p re s su re  and i n i t i a l  drop diameter. 

. 

Their 

work considered pressures  as high as twenty atmospheres b u t  they 

were unable t o  extend i n t o  the  near  c r i t i c a l  and s u p e r c r i t i c a l  
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combustion regime. I n  these  experiments,  a t  pressures  near  the  

c r i t i ca l  p res su re ,  t he  d rop le t  f e l l  from i ts  support  due t o  the  

reduct ion i n  su r face  tens ion  nea r  the  c r i t i ca l  poin t .  

Recently Brzustowski and Natarajan (17) observed t h e  combus- 

t i o n  of a n i l i n e  d rop le t s  a t  pressures  as high as 814 p s i a ,  44 p s i  

above the  c r i t i ca l  pressure  of a n i l i n e .  I n  t h i s  experiment t he  

d rop le t  d id  no t  f a l l  from i t s  support ,  i nd ica t ing  t h a t  t h e  near  

c r i t i c a l  burning regime w a s  n o t  reached. This r e s u l t  would be 

expected from Wieber's (13) p red ic t ion ;  t h a t  the  pressure  must be 

two t o  t h r e e  t i m e s  t he  c r i t i ca l  pressure  f o r  appreciable  amounts of 

the  f u e l  t o  remain when the  c r i t i c a l  temperature is  reached f o r  

f u e l s  of t h i s  type.  Brzustowski and Natarajan measured burning rate 

constants  of a n i l i n e  a t  pressures  below 200 p s i ,  and burning l i f e -  

t i m e s  a t  higher  pressures .  D i f f i c u l t y  i n  obta in ing  c l e a r  s i l h o u e t t e  

photographs above 200 p s i  prevented measurement of the  burning rate 

constants  a t  high pressures .  

Another experiment r e l evan t  t o  t h e  present  i nves t iga t ion  w a s  

conducted by Kumagai and Isoda (18). They observed the  combustion 

of i nd iv idua l  suspended d rop le t s  a t  atmospheric pressure  i n  a 

chamber subjec ted  t o  var ious g rav i ty  f i e l d s  i n  order  t o  observe the  

e f f e c t  of n a t u r a l  convection. 

s p h e r i c a l  i n  f r e e  f a l l  (zero  g rav i ty )  bu t  changes considerably under 

weak g rav i ty  f i e l d s .  Also, t h e  d r o p l e t ' s  burning rate decreases  as 

g r a v i t a t i o n a l  acce le ra t ion  decreases ,  s ince  the  flame moves f u r t h e r  

from the  d rop le t  due t o  the  reduct ion of n a t u r a l  convection e f f e c t s .  

They found t h a t  t h e  flame shape is  
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1.3 S p e c i f i c  Statement of the Problem 

The preceding d iscuss ion  i l l u s t r a t e s  t h e  need f o r  experi-  

mental  work on h igh  p res su re  d r o p l e t  burning. Here the  quasi-steady 

theory is ques t ionable  and the  high pressure  combustion models have 

no t  been v e r i f i e d .  With t h i s  i n  mind t h e  present  i n v e s t i g a t i o n  w a s  

undertaken wi th  the fol lowing ob jec t ives :  

1. 

2. 

To examine experimental ly  t h e  combustion of ind i -  

v idua l ,  supported,  b ip rope l l an t  d r o p l e t s  under 

pressures  which would produce near  c r i t i c a l  and 

super  c r i  t i c a l  burning. 

To compare the  e x i s t i n g  quasi-steady and high 

p res su re  combustion theo r i e s  wi th  t h e  experimental  

r e s u l t s ,  and make any modif icat ions necessary t o  

ob ta in  r e l i a b l e  p red ic t ions  f o r  d rop le t  l i f e  

h i s t o r i e s .  

The prel iminary s t a g e  of t h e  i n v e s t i g a t i o n ,  discussed i n  t h i s  

paper ,  cons is ted  of developing an apparatus  capable  of car ry ing  out  

t he  experimental  ob jec t ive .  

were conducted i n  t h e  nea r  c r i t i c a l  and s u p e r c r i t i c a l  burning regime. 

In add i t ion ,  prel iminary experiments 

It w a s  mentioned previous ly  t h a t  the  d r o p l e t  tends t o  f a l l  

from i t s  suppor t  nea r  t he  c r i t i ca l  poin t .  To avoid t h i s ,  t h e  experi-  

ment w a s  c a r r i e d  ou t  i n  zero g rav i ty  by means of a f r e e  f a l l  

apparatus .  

convection, thus permi t t ing  t h e  experiment t o  more c lose ly  represent  

t h e  t h e o r e t i c a l  models. 

The zero  g r a v i t y  f a c i l i t y  a d d i t i o n a l l y  e l imina ted  n a t u r a l  
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The f u e l s  used i n  t h e  s tudy  w e r e  n-decane and n-hexadecane. 

They were burned i n  a i r  a t  room temperature  and p res su res  ranging 

from 14.2 t o  2000 p s i a .  



CKAPTER 2 

APPARATUS 

2 . 1  T e s t  F a c i l i t y  

The requirements f o r  t h e  experimental  apparatus were t o  

provide an environment a t  high p res su re  (up t o  2000 ps i a )  where a 

d rop le t  can be i g n i t e d  and burned under zero  g r a v i t y  condi t ions .  

It w a s  a l s o  necessary t o  provide a means of observing combustion and 

measuring t h e  temperature v a r i a t i o n  of the d r o p l e t .  

The high p res su re  d r o p l e t  r eac t ion  chamber is  shown i n  

Figure 1. Figure 2 i s  a photograph of the chamber. The r e a c t i o n  

chamber w a s  cons t ruc ted  of s t a i n l e s s  steel  and w a s  c y l i n d r i c a l  i n  

shape. The chamber w a s  4 i n .  long and 2 7 / 8  i n .  i n  diameter.  The 

chamber could be opened a t  one end by means of a removable s t a i n l e s s  

steel end p l a t e  which w a s  secured t o  t h e  d rop le t  chamber by a l a r g e  

f lange  on t h e  end of t h e  chamber. 

t he  end p l a t e  and t h e  f l ange  t o  p e r m i t  s e a l i n g .  

chamber were he ld  toge ther  by s i x  1/2 i n .  s t a i n l e s s  s tee l  b o l t s .  

s m a l l  qua r t z  window w a s  b u i l t  i n t o  t h e  end p l a t e  and a f i r s t  

sur faced  mi r ro r  w a s  mounted on t h e  end p l a t e  t o  permit photographing 

t h e  combustion process.  The closed end of t h e  r e a c t i o n  chamber w a s  

An "0" r i n g  w a s  i n s t a l l e d  between 

The end p l a t e  and 

A 

a l s o  provided wi th  a qua r t z  window f o r  background l i g h t i n g  and v i s u a l  

observat ion of t h e  d rop le t .  A removable plug i n  t h e  w a l l  of t h e  
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chamber allowed t h e  d rop le t  t o  be  mounted on i t s  support  by a hypo- 

dermic needle .  Electrical  connections i n t o  t h e  h igh  pressure  

chamber were provided by a Conax 4 w i r e  gland. 

w a s  h y d r o s t a t i c a l l y  t e s t e d  t o  2300 p s i .  

The d rop le t  chamber 

The d r o p l e t  was mounted on e i t h e r  a qua r t z  f i b e r  o r  on t h e  

junc t ion  of a chromel-alumel thermocouple as shown i n  Figure 1. 

The thermocouple permit ted measurement of t h e  d rop le t  temperature 

during burning. The qua r t z  f i b e r  w a s  approximately 0.008 i n .  i n  

diameter with a 0.014 in .  diameter bead a t  t h e  end. The thermo- 

couple w i r e s  were 0.003 i n .  i n  diameter wi th  a junc t ion  approximately 

0.009 in .  i n  diameter.  With these  dimensions, t h e  t i m e  cons tan t  of 

t he  d rop le t  i n  t h e  high temperature gas, fol lowing i g n i t i o n  i s  

roughly 11 t i m e s  longer  than t h e  t i m e  constant  of t he  thermocouple 

i n  t h e  d rop le t  l i q u i d  (see Appendix B ) .  On t h i s  b a s i s ,  i t  w a s  

assumed t h a t  t he  thermocouple gave an adequate r ep resen ta t ion  of t he  

temperature v a r i a t i o n  of t h e  d rop le t .  

Two d i f f e r e n t  methods f o r  i g n i t i n g  t h e  d rop le t  w e r e  employed. 

The f i r s t  cons is ted  of d i r e c t i n g  a hydrogen d i f f u s i o n  flame toward 

t h e  d rop le t  u n t i l  i t  i g n i t e d .  The hydrogen flame w a s  ext inguished 

as soon as poss ib l e  after i g n i t i o n ,  s i n c e  t h e  presence of gas flow 

caused a d is turbance  t o  t h e  d r o p l e t ,  e s p e c i a l l y  a t  h igher  pressures .  

The hydrogen w a s  s t o r e d  i n  a s m a l l  tank mounted i n s i d e  t h e  

The pressure  i n  the  s to rage  tank f r e e  f a l l  apparatus  (Figure 3 ) .  

w a s  kept  s l i g h t l y  h igher  than t h a t  of t h e  d r o p l e t  r eac t ion  chamber. 

The s to rage  tank w a s  used t o  inc rease  t h e  capac i ty  of t he  hydrogen 

system, s o  t h a t  t h e  hydrogen flow i n t o  t h e  d r o p l e t  chamber w a s  
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uniform during a test. 

chamber w a s  con t ro l l ed  by a so lenoid  valve which w a s  au tomat ica l ly  

ac tua ted  a t  t h e  beginning of t h e  f r e e  f a l l  per iod.  The hydrogen 

w a s  introduced i n t o  the  d rop le t  chamber through a c a p i l l a r y  tube 

mounted i n  t h e  chamber w a l l  as shown i n  Figure 1. 

heated w i r e  i g n i t e d  t h e  en te r ing  hydrogen, which i n  tu rn  i g n i t e d  

the  d r o p l e t .  This scheme w a s  a l s o  used by H a l l  and Diederichsen 

(16) wi th  a bench mounted apparatus .  

The flow of hydrogen i n t o  the  d rop le t  

An e l e c t r i c a l l y  

The flame i g n i t o r  system d id  n o t  ope ra t e  w e l l  a t  high pres-  

su res .  

flow caused a g r e a t  d e a l  of d i s turbance  t o  t h e  d r o p l e t ,  o f t e n  

shear ing  i t  a p a r t  o r  knocking i t  from i ts  mount. Due t o  t h i s  prob- 

l e m ,  another  i g n i t i o n  method w a s  t r i e d .  

The hydrogen solenoid became hard t o  c o n t r o l  and the  hydrogen 

The second i g n i t i o n  method employed t h e  h o t  w i r e  t o  d i r e c t l y  

i g n i t e  t he  d rop le t .  This w a s  accomplished by moving t h e  w i r e  i n  

c l o s e r  t o  t h e  d rop le t  and e l imina t ing  t h e  hydrogen system. A t  t h e  

beginning of t h e  f r e e  f a l l  per iod ,  electrical  power w a s  suppl ied  

t o  t h e  w i r e ,  causing i t  t o  h e a t  up and i g n i t e  t he  d rop le t .  This 

method w a s  supe r io r  t o  t h e  flame i g n i t o r  method i n  t h a t  i t  provided 

. a more r e l i a b l e  i g n i t i o n  wi th  much less d is turbance  t o  the  d rop le t .  

The f r e e  f a l l  chamber is shown i n  Figure 3 ,  with a photograph 

of t h e  f r e e  f a l l  apparatus  shown i n  Figure 4 .  It cons is ted  of an 

aluminum s h e l l  8 3 / 4  in .  i n  diameter and 32 in. long with two-doors 

along i t s  length  t o  provide easy access t o  t h e  i n t e r n a l  components. 

The f r e e  f a l l  chamber w a s  hung i n  p l ace  by a prEn mechanism which 

au tomat ica l ly  re leased  a t  t h e  s tar t  of a test. Release of t he  f r e e  
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f a l l  chamber w a s  accomplished by a pneumatic cy l inder  which w a s  

automatical ly  ac t iva t ed  by a so lenoid  valve.  

approximately 16 f e e t  i n t o  a tub of chopped Resilite, a foam p l a s t i c ,  

which adsorbed t h e  shock of t h e  f a l l .  The zero-gravity f a c i l i t y  

provided a test time of about one second. 

The apparatus dropped 

Drag forces  on the  drop chamber were est imated t o  be negl i -  

For example, using a t o t a l  apparatus  weight of 60 lbm and g ib l e .  

4 chamber diameter of 8 in . ,  wi th  a drag c o e f f i c i e n t  conservat ively 

est imated at uni ty ,  the maximum net g rav i ty  fo rce  i s  on t h e  order  

of 0.007 g. 

Referr ing again t o  Figure 3,  t h e  background l i g h t  employed 

w a s  an NE 5 1  neon bulb,  powered by a D.C.  source t o  give s teady 

i l lumina t ion .  The back l i g h t i n g  permit ted a s i l h o u e t t e  photograph 

of t h e  d r o p l e t  j u s t  before  the  beginning of a test, thus allowing a 

measurement of the  d r o p l e t ' s  i n i t i a l  s i z e .  

soon af terward t o  permit dark f i e l d  photographs of t h e  i g n i t i o n  and 

combustion processes .  

The l i g h t  was turned off  

A Wollensak F a s t a i r  16 mm high speed motion p i c t u r e  camera 

w a s  employed f o r  the  d rop le t  photographs. The camera w a s  mounted 

below the  r eac t ion  chamber as shown i n  Figure 3.  

during t h e  tests w a s  approximately 100 frames pe r  second. 

camera w a s  equipped with an i n t e r n a l  timing marker t o  allow t i m e  

c o r r e l a t i o n  of t he  f i lms .  The f i l m  used w a s  Kodak Tr i -X  Negative 

emulsion TXN 4 3 0 .  

The f i l m  speed 

The 

High pressure  gas w a s  provided by commercially pure dry a i r  

and hydrogen i n  cy l inders .  The gas pressures  i n  the  r eac t ion  
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chamber and i n  the  hydrogen l ine were measured by 0-3000 p s i  bourdon 

tube gages wi th  25 p s i  s 

a 0-100 p s i  Ashcroft l abora tory  test  gage wi th  1 / 2  p s i  subdivis ions 

w a s  used. 

i v i s i o n s .  For pressures  below 100 p s i ,  

A l l  gages were c a l i b r a t e d  with a dead weight tester. 

The s i g n a l  from t h e  thermocouple w a s  fed  through a CEC 1-165 

D.C. ampl i f ie r  t o  a CEC 5-124 osci l lograph.  The two galvanometers 

used were CEC type 7-317 f l u i d  damped galvanometers with a f l a t ,  

f i v e  percent  frequency response t o  2200 cps. One galvanometer w a s  

used t o  measure t h e  thermocouple output ,  and t h e  o the r  simply 

de f l ec t ed  when the  neon background l i g h t  w a s  turned o f f .  The 

recorder  employed an i n t e r n a l  f l a s h  t iming u n i t  f o r  t i m e  sequencing 

the  cha r t  record.  The temperature trace could be synchronized wi th  

the  f i l m  by the  e x t i n c t i o n  of t h e  background l i g h t .  This event w a s  

recorded by the camera and by the  second galvanometer and w a s  thus 

used as the  o r i g i n  of t i m e  i n  tests using the  thermocouple. 

Two timing devices  were used t o  provide v i r t u a l l y  automatic 

opera t ion  of the  apparatus .  The f i r s t  w a s  a f a l l i n g  weight switch 

which cons is ted  of a steel block which dropped through guide rods 

and ac tua ted  s m a l l  k n i f e  blade switches along i t s  path.  The weight 

w a s  he ld  i n  i t s  uppermost pos i t i on  by an electromagnet and re leased  

automatical ly .  This arrangement w a s  used f o r  func t ions  which 

required accura te  t i m e  sequencing, such as the  ac tua t ion  of the  

hydrogen so lenoid  o r  t he  ho t  w i r e  and the  release of the  f r e e . f a l 1  

chamber. L e s s  c r i t i c a l  func t ions  w e r e  con t ro l l ed  by a cyc l ing  t i m e r .  

This device con t ro l l ed  the  background l i g h t ,  electromagnet,  recorder  

and camera. 

i 
r 
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2.2 Operation of t h e  Apparatus 

i 
- 1  

The prel iminary se tup  of t h e  experiment involved focusing 

and checking t h e  opera t ion  of the camera, s e t t i n g  t h e  a i r  and hydro- 

gen p res su re  and p res su r i z ing  t h e  a i r  l i n e  used t o  release t h e  f r e e  

f a l l  chamber. The thermocouple output  w a s  c a l i b r a t e d  by a Leeds 

and Northrup 8690 m i l l i v o l t  potent iometer  t o  ob ta in  t h e  s e n s i t i v i t y  

of t h e  galvanometer-amplifier c i r c u i t .  I n  add i t ion ,  t he  thermo- 

couple-amplifier-galvanometer c i r c u i t  was checked occas iona l ly  wi th  

a b o i l i n g  water ba th  as a re ference  temperature.  In tests wi th  the 

hydrogen i g n i t o r  no temperature record w a s  made. I n  conducting a 

test ,  t h e  d rop le t  w a s  mounted on a quar tz  f i b e r  o r  thermocouple 

junc t ion  and t h e  d r o p l e t  chamber w a s  c losed and pressur ized .  In  

the  flame i g n i t o r  tests t h e  hydrogen l i n e  w a s  a l s o  pressur ized  a t  

t h i s  t i m e .  The a i r  and hydrogen hoses were removed by means of two 

quick-disconnect f i t t i n g s  a t  the top of t h e  f r e e  f a l l  chamber. 

For tests wi th  t h e  flame i g n i t o r  it w a s  necessary t o  run a 

The purge cyc le  prel iminary "purge cycle" f o r  t h e  hydrogen l i n e .  

operated through t h e  C r a m e r  t i m e r  which opened t h e  hydrogen so lenoid  

f o r  approximately one second. This r e l eased  hydrogen i n t o  the  

c a p i l l a r y  tube and forced a i r  out  of t he  tube.  More r e l i a b l e  

i g n i t i o n  w a s  obtained when t h i s  procedure w a s  employed before  each 

test. 

Af te r  t h e  purge cyc le ,  t he  weight i n  the  dropping weight 

swi tch  w a s  r a i s e d  t o  its h ighes t  p o s i t i o n  and he ld  t h e r e  by the 

electromagnet,  and the  k n i f e  b lade  switches were set. Panel  switches 

c o n t r o l l i n g  the  h o t  w i r e ,  background l i g h t ,  hydrogen so lenoid ,  and 
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f r e e  f a l l  chamber release so lenoid  were closed,  permi t t ing  automatic 

c o n t r o l  of these components by the C r a m e r  t i m e r  and t h e  dropping 

weight switch.  The s tar t  switch f o r  t h e  Cramer t i m e r  w a s  c losed and 

t h e  a c t u a l  test  began. 

Once the  t i m e r  w a s  ac tua t ed ,  t h e  sequence of events  i n  a 

hydrogen flame i g n i t o r  test w a s  as follows: 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8. 

9.  

10 

11. 

background l i g h t  on 

camera on 

background l i g h t  o f f  

h o t  w i r e  on 

electromagnet de-energized-weight f a l l s  

weight t r i p s  release so lenoid  switch and f r e e  

f a l l  begins  

weight c loses  upper hydrogen so lenoid  switch,  

so lenoid  va lve  opens, and releases hydrogen i n t o  

chamber 

hydrogen i g n i t e d  by ho t  w i r e  

hydrogen flame i g n i t e s  d rop le t  

dropping weight opens lower hydrogen so lenoid  

switch,  c los ing  t h e  so lenoid  and s topping  t h e  

flow of hydrogen 

a l l  components o f f  a t  t h e  end of t h e  f r e e  f a l l  

per iod .  

In t h e  h o t  w i r e  i g n i t o r  t es t  there w a s  no purge cyc le  and a l l  

func t ions  of t he  hydrogen system were el iminated.  Control of t he  

h o t  w i r e  w a s  t r a n s f e r r e d  t o  t h e  dropping weight switch.  Thus t h e  
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ho t  w i r e  w a s  suppl ied with power only momentarily, cons i s t en t  wi th  

r e l i a b l e  i g n i t i o n .  Also, the  CEC recorder  w a s  operated during t h e  

same t i m e  per iod  as the  camera. 

The d a t a  cons is ted  of t h e  motion p i c t u r e  f i l m  and t h e  

osc i l lograph  record of t he  d rop le t  temperature. The t i m e  of ign i -  

t i o n  of the hydrogen j e t ,  d rop le t  i g n i t i o n  and d rop le t  burnout w e r e  

found from the f i lm.  Also,  t he  i n i t i a l  d rop le t  s i z e  was obtained 

from t h e  s i l h o u e t t e  photographs. 

Since t h e  d r o p l e t s  were usua l ly  e l l i p t i c a l  i n  shape, a 

diameter co r rec t ion ,  suggested by Kobayasi ( 6 ) ,  w a s  used which gave 

an equiva len t  diameter f o r  a sphere having the  same volume as the  

e l l i p  t i ca l  d rop le t .  The formula employed w a s  as follows : 

d = 3 - 7 / x  1 2  e2 '  

The symbols are def ined i n  the  Nomenclature sec t ion .  



CHAPTER 3 

I 

B 

RESULTS OF THE FLAME IGNITOR TESTS 

For the tests w i t h  t h e  flame i g n i t o r ,  the d rop le t  w a s  mounted 

on a qua r t z  f i b e r  and no temperature measurements were made. 

Figure 5 shows a t y p i c a l  f i l m  record a t  low pressure  with t h e  flame 

i g n i t o r .  The test shown is  an n-decane d rop le t  burning i n  a i r  a t  a 

t o t a l  p ressure  of 114 p s i a .  

The f i r s t  s t r i p  of f i l m  in  Figure 5 is  t h e  s i l h o u e t t e  photo- 

graph of t h e  d rop le t .  

l i g h t ,  i n  t h i s  case an incandescent bulb.  The d rop le t  i g n i t e s  

almost immediately a f t e r  contac t  with t h e  hydrogen flame. 

from the  burning d rop le t  i s  e a s i l y  d is t inguished  from the  hydrogen 

flame due t o  i t s  g r e a t e r  luminosity.  It i s  notab le  t h a t  the  flame 

i s  extended i n t o  a teardrop shape i n  this  tes t ,  i n d i c a t i n g  t h e  

presence of convection. 

hydrogen flame, n o t  n a t u r a l  convection. 

t o  leave  the  probe loca t ion  during the  test. 

The white  c i r c u l a r  f i e l d  is  the  background 

The flame 

This is  due t o  induced gas flow from the  

The d rop le t  does no t  appear 

Figure 6 is a t y p i c a l  test a t  high p res su re  using the  flame 

The f u e l  was  n-decane burning i n  a i r  a t  814 p s i a .  i g n i t o r .  Here 

the  presence of t h e  induced flow from the  hydrogen flame caused a 

s i g n i f i c a n t  d i s turbance  t o  the  combustion process .  D i s to r t ion  and 

shear ing  of the  combustion zone i s  ev ident ,  and the  d rop le t  appears 

t o  leave  the  probe loca t ion  toward t h e  end of burning. 
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Measurements of t h e  combustion l i f e t i m e s  were made from t h e  

f i lms .  Combustion l i f e t i m e  w a s  def ined  as t h e  t i m e  between i g n i t i o n  

and t h e  end of luminosity of the flame. This is  t h e  d e f i n i t i o n  used 

by H a l l  and Diederichsen (16).  

Figure 7 shows measured l i f e t i m e s  as a func t ion  of pressure  

f o r  n-decane d r o p l e t s  of approximately t h e  same i n i t i a l  diameter 

(740 k 50 v ) .  Data from H a l l  and Diederichsen (16) f o r  t he  same 

f u e l  and i n i t i a l  d rop le t  s i z e  is  a l s o  shown on t h e  f igu re .  The 

c r i t i c a l  pressure  w a s  obtained from Reference 19. 

The d a t a  from the  present  i n v e s t i g a t i o n  and from Reference 16 

both show t h e  same t rend  of decreasing l i f e t i m e  wi th  increas ing  

pressure .  The l i f e t i m e s  are seen t o  be  longer  f o r  t he  present  s tudy ,  

and t h i s  i s  probably due t o  the  e l imina t ion  of n a t u r a l  convection by 

the  zero  g rav i ty  apparatus .  Kumagai and Isoda  (18) demonstrated 

t h a t  t he  flame moves i n  c l o s e r  t o  the  d rop le t  i n  one-g, causing 

h igher  h e a t  t r a n s f e r  rates and h igher  evaporat ion rates. The r e s u l t  

i s  a s h o r t e r  l i f e t i m e  i n  one-g. 

Figures  5 and 6 showed t h a t  t h e r e  w a s  convection i n  t h e  

zero-g tests due t o  induced flow from t h e  flame i g n i t o r .  The magni- 

tude of t h e  n a t u r a l  convection compared t o  convection from induced 

flow w a s  demonstrated i n  some one-g tests. I n  one-g, t h e  hydrogen 

flame rose  almost s t r a i g h t  up r a t h e r  than remaining i n  the  d i r e c t i o n  

of t h e  c a p i l l a r y  tube ,  as w a s  seen  i n  Figures 5 and 6. This i nd i -  

cates t h a t  t he  f lame's  upward momentum due t o  n a t u r a l  convection w a s  

much g r e a t e r  than t h e  momentum i n  t h e  d i r e c t i o n  of the  c a p i l l a r y  

tube. 
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Figure 8 shows combustion l i f e t i m e s  f o r  n-hexadecane 

(ce tane) .  As before ,  t h e  c r i t i ca l  pressure  w a s  obtained from 

Reference 19. The t rend  of t h e  l i f e t i m e s  wi th  pressure  and t h e  

magnitude of t h e  l i f e t i m e s  are similar t o  the  n-decane r e s u l t s .  

Although these  tests d i d  al low observat ion of d rop le t  combus- 

t i o n  a t  pressures  s u b s t a n t i a l l y  above t h e  c r i t i ca l  pressure  of t h e  

f u e l ,  t he  r e s u l t s  w e r e  n o t  s a t i s f a c t o r y .  F i r s t ,  t h e  high p res su re  

combustion theo r i e s  (14,  15) p r e d i c t  an inc rease  i n  the  burning 

l i f e t i m e s  a t  pressures  somewhat above t h e  c r i t i c a l  pressure  of t h e  

f u e l .  The p resen t  d a t a  cont inues t o  e x h i b i t  a downward t rend  even 

a t  four  t i m e s  t h e  c r i t i ca l  pressure  f o r  cetane. Secondly, t he  f i lms  

taken a t  high p res su re ,  Figure 6 ,  i nd ica t ed  t h a t  t h e  f u e l  sample w a s  

being g r e a t l y  d i s t o r t e d  and poss ib ly  broken up by t h e  i g n i t o r  flow. 

While t h i s  phenomenon i s  undoubtedly present  i n  a combustion chamber, 

i t  p resen t s  a g r e a t  problem i n  the  ana lys i s  of t h i s  data .  These 

f a c t o r s  prompted the  use of t he  ho t  w i r e  i g n i t o r  as a means of 

reducing t h e  d is turbance  a t  i g n i t i o n .  

i g n i t o r  tests a rq  discussed i n  the  nex t  chapter .  

The r e s u l t s  of t h e  h o t  w i r e  
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CHAPTER 4 

RESULTS OF THE HOT WIRE IGNITOR TESTS 

4 .1  Combustion Lifet imes 

For the  tests wi th  t h e  h o t  w i r e  i g n i t o r ,  the  d rop le t  w a s  

mounted on t h e  junc t ion  of a chrome1 alumel thermocouple and meas- 

urements of t he  d rop le t  temperature w e r e  made. Figure 9 is  a 

t y p i c a l  tes t  a t  low pressures  using t h e  hot  w i r e  i g n i t o r .  The drop- 

l e t  f u e l  was n-decane which w a s  burned i n  a i r  a t  a pressure  of 64  

ps ia .  

The f i r s t  s t r i p  of f i l m  is  t h e  s i l h o u e t t e  photograph of t he  

d rop le t .  The background l i g h t  w a s  a neon bulb which a l s o  permit ted 

t i m e  c o r r e l a t i o n  of t he  temperature trace and the  f i lms .  Af te r  t h e  

background l i g h t  gOes o f f  t he  h o t  w i r e  i g n i t o r  begins  t o  h e a t  up 

and glow. It should be  noted t h a t  t h e  d rop le t  does not  i g n i t e  

immediately a f t e r  t he  w i r e  begins  glowing. When t h e  d rop le t  i g n i t e s ,  

t he  d is turbance  is  considerably less than what w a s  observed during 

the  flame i g n i t o r  tests. During combustion, t h e  flame is  almost 

s p h e r i c a l ,  n o t  teardrop i n  shape as w a s  seen i n  t h e  flame i g n i t o r  

photographs. This is  due t o  t h e  e l imina t ion  of a l l  convective 

e f f e c t s  inc luding  induced flows i n  t h e  r eac t ion  chamber. 

Figure 10 i s  an example of a test a t  high pressure  using t h e  

h o t  w i r e  i g n i t o r .  The test condi t ions  cons is ted  of an n-decane 

I 
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drop le t  burning i n  a i r  a t  814 ps i a .  

d i s turbance  but t h i s  quickly settles down t o  a s teady  flame zone. 

The d is turbance  is  lese seve re  than t h a t  observed i n  Figure 6 ,  and 

shear ing  and d i s t o r t i o n  of t h e  combustion zone i s  reduced. The 

d rop le t  does no t  appear t o  leave  the  thermocouple loca t ion  during 

A t  i g n i t i o n ,  t h e r e  is some 

the  test. It is  no tab le  t h a t  t h e  flame is much smaller than  t h e  

flame observed i n  Figure 9,  t h e  low p res su re  test .  

A p l o t  of t o t a l  combustion l i f e t i m e  versus  pressure  f o r  

n-decane d r o p l e t s  using the  ho t  w i r e  i g n i t o r  i s  shown i n  Figure 11. 

The l i f e t i m e s  were cor rec ted  t o  r ep resen t  a f ixed  i n i t i a l  diameter 

d r o p l e t  of 875 u , s i n c e  t h e  range of a c t u a l  diameters (533-899 u )  

w a s  broader  than the  range used i n  Figures 7 and 8. The co r rec t ion  

assumed a squared r e l a t i o n s h i p  between the  drop diameter and t h e  

combustion l i f e t i m e  as follows: 

(3.1) 
2 

= (875/d) tm 
t C  

where d i s  t h e  drop diameter i n  microns. 

co r rec t ion  w a s  used s i n c e  most of t h e  separate processes  undergone 

by t h e  d r o p l e t ,  heat-up, s teady  burning, and s u p e r c r i t i c a l  burning 

are p ropor t iona l  t o  diameter squared (References 3-5, 14-16). The 

measured l i f e t i m e  is  t h e  t i m e  between i g n i t i o n  and t h e  end of 

luminosity of t h e  d r o p l e t  flame. 

The diameter squared 

Comparing Figure 11 with  Figure 7 ,  i t  is seen  t h a t  t he  t rends  

are q u i t e  d i f f e r e n t  f o r  t h i s  set of da t a .  

decreasing l i f e t i m e s  wi th  inc reas ing  p res su re ,  t h e  l i f e t i m e s  begin 

inc reas ing  somewhat above the  c r i t i c a l  p ressure .  This provides 

Ins t ead  of monotonically 
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f u r t h e r  evidence of t h e  p o s s i b i l i t y  t h a t  shear ing  and breakup of 

the  d rop le t  a t  i g n i t i o n  caused shortened l i f e t i m e s  a t  high pressures  

when the  flame i g n i t o r  w a s  used. 

Rosner (15) p re sen t s  a q u a l i t a t i v e  p i c t u r e  of t h e  pressure  

dependence of t h e  d rop le t  l i f e t i m e s  f o r  t he  var ious d rop le t  combus- 

t i o n  theo r i e s .  In h i s  d i scuss ion ,  t he  i n i t i a l  temperature of the  

d rop le t  i s  taken t o  be t h e  w e t  bulb temperature s o  t h a t  h e a t  up is  

neglected.  I n  the  pressure  region somewhat below the  c r i t i ca l  

pressure ,  Rosner's quasi-steady p red ic t ion  shows an almost constant  

burning l i f e t i m e  wi th  pressure .  As  t h e  c r i t i c a l  p ressure  i s  

approached, the  burning l i f e t i m e  decreases ,  u l t ima te ly  going t o  

zero a t  the  c r i t i c a l  p ressure  f o r  t h e  s i m p l e s t  quasi-steady model 

(where the  w e t  bulb temperature i s  taken t o  be t h e  b o i l i n g  tempera- 

t u r e ) .  

su r f ace  is included,  t h e  l i f e t i m e  decreases  as the  c r i t i c a l  p ressure  

is approached, bu t  remains f i n i t e  a t  t h e  c r i t i c a l  pressure.  From 

Figure 11 i t  is  seen t h a t  the  l i f e t i m e s  do decrease as the  c r i t i c a l  

p ressure  i s  approached and reach a minimum s l i g h t l y  above the  

c r i t i c a l  pressure.  

For a model where evaporat ive sub-cooling of t h e  d rop le t  

Considerably above the  c r i t i ca l  pressure  of the  f u e l  t he  

s u p e r c r i t i c a l  burping theo r i e s  (14, 15) p r e d i c t  t he  l i f e t i m e s  t o  

increase  as the  cube roo t  of pressure .  The d a t a  i n  Figure 11 shows 

l i f e t i m e s  increas ing ,  bu t  t h e r e  i s  a considerable  amount of scatter 

i n  the  da t a  making i t  impossible t o  g ive  more than a q u a l i t a t i v e  

assessment of t he  pressure  dependence of t he  burning l i f e t imes .  

Furthermore, t o t a l  l i f e t i m e s  inc lude  the  t i m e  required f o r  t he  
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d rop le t  t o  hea t  up from i t s  temperature a t  i g n i t i o n  t o  e i t h e r  t he  

w e t  bulb temperature f o r  low pressure  runs,  o r  t o  t h e  c r i t i c a l  

temperature a t  high pressures .  Rosner's d i scuss ion  concerns a drop- 

l e t  a t  i t s  w e t  bulb temperature o r  a f u e l  sample a t  i ts  c r i t i ca l  

temperature, and thus does no t  inc lude  the  h e a t  up period. It is ,  

the re fo re ,  n o t  phys ica l ly  c o r r e c t  t o  compare these  r e s u l t s  with 

theory a t  this  po in t .  This matter is  discussed again i n  Sect ion 4.3. 

For pressures  below 100 p s i a ,  t he  l i f e t i m e s  were lower than 

Hall and Diederichsen's (16) da ta .  A t  114 p s i a  H a l l  and 

Diederichsen's d a t a  overlaps t h e  p re sen t  da t a .  

da t a  below 114 p s i a  w a s  overly inf luenced by excessive r a d i a t i o n  

from t h e  ho t  w i r e  and w a s ,  t he re fo re ,  no t  included i n  the  f igu re .  

A t  low p res su res , .  the  ho t  wire glowed very b r i g h t l y  due t o  

It w a s  f e l t  t h a t  the  

the  low hea t  capaci ty  of t h e  surrounding a i r .  The increased radia-  

t i o n  caused higher  hea t  t r a n s f e r  rates t o  the  d rop le t .  This would 

r e s u l t  i n  higher  evaporation' rates and, t he re fo re ,  s h o r t e r  l i f e t i m e s  

a t  low pressures .  The e f f e c t  of ho t  w i r e  r a d i a t i o n  w i l l  be  f u r t h e r  

discussed i n  the  next  s ec t ion .  

4.2 Temperature Measurements 

Temperature measurements of t he  l i q u i d  phase are sub jec t  t o  

e r r o r  due t o  temperature grad ien ts  i n  the  d rop le t  during hea t  up. 

However, the  thermocouple gives  a s u i t a b l e  r ep resen ta t ion  of the  

d rop le t  temperature ( a t  least t o  a f i r s t  approximation) and i s ,  

the re fo re ,  u s e f u l  i n  rounding out  t he  p i c t u r e  of d rop le t  combustion. 
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A t y p i c a l  temperature trace i s  s h o k  i n  Figure 12 ,  f o r  an 

n-decane d rop le t  burning i n  a i r  a t  64 p s i a .  The o r i g i n  of t h e  t i m e  

a x i s  is  a r b i t r a r y .  Marked on t h e  t i m e  scale i s  t h e  t i m e  when t h e  

ho t  w i r e  begins glowing, t h e  t i m e  when t h e  d rop le t  i g n i t e s  and t h e  

t i m e  a t  t h e  end of burning as obtained from t h e  f i lms .  

of peaks a t  t h e  beginning of t h e  trace is  due t o  t h e  no i se  s i g n a l  

s e n t  t o  t h e  thermocouple when power w a s  f i r s t  suppl ied t o  the  h o t  

w i r e .  

The series 

The s lope  of t h e  temperature trace inc reases  s h o r t l y  a f t e r  

i g n i t i o n ,  which i s  c h a r a c t e r i s t i c  of most of the  tests. A t  t h e  

p o i n t  of i n f l e c t i o n  t h e  flame has  apparent ly  propagated i t s  hea t ing  

e f f e c t  t o  the  thermocouple loca t ion .  The d rop le t  temperature 

inc reases  u n t i l  t h e  s teady  burning per iod  i s  reached, whereupon t h e  

temperature remains cons tan t .  The trace remains a t  t h e  w e t  bulb 

temperature u n t i l  t he  d rop le t  has  completely g a s i f i e d ,  then the  

temperature begins r i s i n g  again u n t i l  combustion i s  completed. 

Spalding (14) pred ic ted  t h a t  t he  end of burning occurs sometime 

a f t e r  g a s i f i c a t i o n  of t h e  d rop le t .  The length  of t f m e  from t h e  end 

of g a s i f i c a t i o n  t o  the  end of burning is  s u r p r i s i n g l y  long even a t  

low pressures .  I n  Figure 1 2 ,  i t  i s  roughly 40 percent  of t h e  t o t a l  

l i f e t i m e .  

Figure 13 shows t o t a l  l i f e t i m e s  and t i m e s  from i g n i t i o n  t o  

the  end of g a s i f i c a t i o n  ( g a s i f i c a t i o n  times) p l o t t e d  aga ins t  p ressure  

f o r  d rop le t s  of n-decane. The t r i a n g l e s  represent  t h e  t o t a l  l i f e -  

t i m e s  and t h e  circles are g a s i f i c a t i o n  t i m e s .  The two sets of po in t s  

diverge from each o the r  wi th  increas ing  pressure  i n d i c a t i n g  t h a t  
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g a s i f i c a t i o n  of t h e  d rop le t  t akes  a smaller percentage of t he  t o t a l  

l i f e t i m e  a t  h igher  pressures .  

A t  814 p s i a  and above, t h e  g a s i f i c a t i o n  t i m e  w a s  taken t o  be 

the  t i m e  between i g n i t i o n  and t h e  i n s t a n t  t h e  droplet: reaches i t s  

c r i t i ca l  temperature,  which is  obtained from the  temperature trace. 

There is  considerable  scatter i n  t h i s  region ( i n  p a r t  due t o  the  

f a c t  t h a t  t h e  d r o p l e t  d i d  no t  always i g n i t e  a t  t h e  same l i q u i d  

temperature) bu t  t h e r e  is a continued downward t rend  f o r  t he  gas i -  

f i c a t i o n  t i m e s .  

An important conclusion t o  be  drawn from Figures  12 and 1 3  

i s  t h a t  f o r  t he  condi t ions of t h i s  experiment i t  i s  i n c o r r e c t  t o  

i n t e r p r e t  combustion l i f e t i m e s  as g a s i f i c a t i o n  t i m e s  f o r  any pres-  

su re .  It must be emphasized t h a t  convection p lays  a l a r g e  p a r t  i n  

t he  combustion of t he  g a s i f i e d  f u e l ,  and may g r e a t l y  decrease the  

t i m e  between t h e  end of g a s i f i c a t i o n  and t h e  end of burning. I n  a 

combustor w i th  convection p resen t ,  t h e  increased rate of gas phase 

mixing may make t h i s  t i m e  extremely s m a l l .  The r e s u l t s  presented 

he re  should be taken as a worst  case, where no convection i s  present  

due t o  the  absence of g r a v i t y  forces .  

Figure 14 shows temperature traces a t  d i f f e r e n t  pressures  f o r  

d r o p l e t s  of n-decane. The c r i t i c a l  temperature ind ica t ed  on the  

trace was obtained from Reference 19. The t i m e s  on the  f i g u r e  are 

p l o t t e d  from t h e  t i m e  of i g n i t i o n .  

The traces marked A, B ,  and C are traces f o r  tests run a t  

114, 514, and 1100 p s i a ,  r e spec t ive ly .  The d r o p l e t  diameters f o r  

curves A, B y  and C are 945, 990, and 947 microns, respec t ive ly .  

I 

, 
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It w a s  observed t h a t  wi th  increas ing  pressure  an n-decane d rop le t  

spends a smaller percentage of i ts  burning l i f e t i m e  i n  the  s teady  

burning per iod ,  charac te r ized  by the  d r o p l e t ' s  temperature remaining 

constant  a t  the  w e t  bulb temperature. Curve B y  run a t  514 p s i a  

shows an approach t o  the  w e t  bulb s ta te  ind ica t ed  by the  i n f l e c t i o n  

of t he  temperature t r ace .  

p ressure  of 664 p s i a ,  even though t h i s  pressure  i s  over twice t h e  

c r i t i ca l  pressure.  A t  814 p s i a  no i n f l e c t i o n  of the  t r a c e  w a s  

observed, and the  temperature record w a s  s imilar  t o  curve C i n  

This type of behavior p e r s i s t e d  t o  a 

Figure 14 f o r  tests a t  814 p s i a  and above. Apparently no approach 

t o  the  w e t  bulb state w a s  made by the  d rop le t  a t  these  pressures .  

It should a l s o  be noted from Figure 1 4 ,  t h a t  the  rate of 

temperature rise inc reases  as pressure  increases .  This would agree 

with Wieber's (13) ana lys i s  which ind ica t ed  t h a t  a t  high pressures  

a lower percentage of t h e  t o t a l  hea t  i n t o  the  d rop le t  from the  flame 

i s  u t i l i z e d  f o r  vapor iza t ion  of the  f u e l  and more of the  h e a t  i s  

used f o r  s e n s i b l e  hea t ing  of the  d rop le t .  

of t he  r e s u l t s  i n  Figure 14 is  t h a t  t h e  l i q u i d  temperature a t  i gn i -  

Another c h a r a c t e r i s t i c  

t i o n  is h igher  as the  ambient pressure  i s  increased.  

Also marked on Figure 1 4  is  the  b o i l i n g  temperature (20) of 

n-decane f o r  114 p s i a .  It should be noted t h a t  t h e  w e t  bulb 

temperature is below the  bo i l ing  temperature a t  t h i s  pressure.  A t  

p ressures  below 114 p s i a ,  however, l i q u i d  temperatures considerably 

above the  b o i l i n g  temperature w e r e  observed. Two poss ib l e  causes 

of t h i s  are excessive r a d i a t i o n  from the  ho t  w i r e  and conduction 

along the  thermocouple w i r e s .  E i the r  of these  e f f e c t s  could 
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p r e f e r e n t i a l l y  h e a t  t h e  thermocouple junc t ion  and cause high tem-  

pe ra tu re  readings.  

A series of tests w a s  run t o  determine the  e f f e c t  of ho t  

w i r e  r a d i a t i o n  on t h e  l i q u i d  temperature,  The r e s u l t s  are pre- 

sen ted  i n  Table 1. A l l  tests were run a t  atmospheric pressure  and 

the  electrical  power t o  t h e  h o t  w i r e  w a s  var ied .  It is seen i n  

Table 1 t h a t  f o r  power levels below 1200 w a t t s ,  t he  w e t  bulb 

temperatures remain f a i r l y  cons tan t  and are near the  b o i l i n g  tem-  

pe ra tu re  which is  344°F (19). However, a t  1200 w a t t s  there i s  a 

jump i n  the  maximum l i q u i d  temperature of about 50"F, i n d i c a t i n g  

t h a t  t h e  h e a t e r  power does have an e f f e c t  on temperature reading. 

The t a b l e  a l s o  lends support  t o  t he  p o s s i b i l i t y  t h a t  excessive 

h e a t e r  power w a s  respons ib le  f o r  t h e  s h o r t  l i f e t i m e s  a t  low pres-  

s u r e s  discussed i n  Sec t ion  4.1. 

TABLE 1 

HEATER POWER VERSUS MAXIMUM L I Q U I D  TEMPERATURE 

MAXIMUM 
POWER TEST L I Q U I D  TEMPERATURE 

(wat ts)  NUMBER (OF) 

800 T-44 360 

900 T-42 351 

1000 T-40 344 

1200 T-33, T-43 395, 437 

1400 T-35 4 10 
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A t  higher  p re s su res  t h e  h e a t e r  power l e v e l  w a s  no longer  a 

problem, due t o  the  h igher  heat capac i ty  of t h e  a i r  i n  t h e  r eac t ion  

chamber, which lowered t h e  w i r e  temperature. 

t he  power l e v e l  w a s  kep t  a t  1600 watts,  the minimum f o r  cons i s t en t  

i g n i t i o n  

A t  high pressures ,  

The problem of conduction of heat along t h e  thermocouple 

wires from t h e  flame zone t o  the d rop le t  is analyzed i n  Appendix C. 

A s impl i f i ed  model w a s  used i n  the  ana lys i s  and it w a s  found t h a t  

conduction along the  thermocouple w i r e s  was respons ib le  f o r  about 

15 percent  of t h e  h e a t  t r ans fe r r ed  from the  flame zone. The r e s u l t  

po in t s  ou t  t he  p o s s i b i l i t y  t h a t  t h i s  e f f e c t  could a l so  be a f a c t o r  

causing the  high l i q u i d  temperatures a t  very low pressures .  

4 . 3  S u p e r c r i t i c a l  Burning Lifet imes 

The e x i s t i n g  t h e o r i e s  of s u p e r c r i t i c a l  burning (14, 15) 

model t h e  f u e l  sample as a pocket of f u e l  vapor which is  a l ready  

above its cr i t i ca l  po in t .  Thus, t he  model does no t  account f o r  

hea t ing  the  d rop le t  from the  ambient t o  the  c r i t i c a l  temperature. 

I n  view of t h i s ,  t h e r e  is no phys ica l  b a s i s  f o r  comparing the  

r e s u l t s  obtained i n  Figure 11 with  t h e  p red ic t ions  of t he  super- 

c r i t i c a l  burning theo r i e s .  

Since d rop le t  temperature measurements are a v a i l a b l e ,  i t  is  

poss ib l e  t o  ob ta in  the  d r o p l e t ' s  " s u p e r c r i t i c a l  burning l i f e t ime"  

which i s  def ined i n  t h i s  paper as the  t i m e  between the  i n s t a n t  t he  

d rop le t  reaches i t s  c r i t i c a l  temperature and the  end of luminosity 

of t h e  d r o p l e t ' s  flame. The e f f e c t  of using s u p e r c r i t i c a l  lifetimes 
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is  t o  e l imina te  t h e  hea t  up t o  t h e  c r i t i c a l  temperature and thus 

more c lose ly  represent  Spalding 's  and Rosner's models. 

When comparing t h e  experimental  r e s u l t s  wi th  the  theory,  i t  

must be assumed t h a t  very l i t t l e  of the m a s s  of t h e  d rop le t  is 

burned during hea t ing  t o  t h e  c r i t i c a l  temperature and thus the  f u e l  

mass present  a t  t h e  c r i t i c a l  temperature is  equal  t o  the  i n i t i a l  

mass of t he  d rop le t .  Wieber's (3) r e s u l t s  i n d i c a t e  t h a t  a t  

s u f f i c i e n t l y  h igh  ambient pressures  t h i s  i s  approximately the  case. 

For example, f o r  t h e  combustion of an n-heptane d rop le t  wi th  an 

ambient pressure  of four  t i m e s  t he  c r i t i c a l  p ressure ,  Wieber calcu- 

l a t e d  t h a t  only e i g h t  percent  of the  i n i t i a l  mass of the  d rop le t  

had vaporized by the  t i m e  t he  d rop le t  reached i t s  c r i t i c a l  tempera- 

t u re .  

Figure 15 i s  a p l o t  of s u p e r c r i t i c a l  l i f e t i m e s  versus  pressure  

f o r  n-decane d rop le t s .  Again the  l i f e t i m e s  are cor rec ted  t o  equiv- 

alent l i f e t i m e s  f o r  an 875 micron d rop le t  using the  diameter squared 

co r rec t ion  discussed i n  Sec t ion  4.1. It should be  noted t h a t  t he  

lowest pressure  represented on this  p l o t  is 814 p s i a ,  s i n c e  a t  t h i s  

pressure  no i n f l e c t i o n  of the  temperature t r a c e  w a s  observed and 

thus apparent ly  no approach t o  the  w e t  bulb s ta te  w a s  made by the  

burning d rop le t .  

a s i g n i f i c a n t  amount of vapor iza t ion  during hea t ing .  

An approach t o  the  w e t  bulb state would i n d i c a t e  

To obta in  agreement between t h e  d a t a  and the  theo r i e s  (14, 15) 

the  observed s u p e r c r i t i c a l  l i f e t i m e s  should inc rease  as the  cube 

root  of pressure .  On the  log-log p l o t  of Figure 15 ,  t he  d a t a  should 

follow a l ine wi th  a 1/3 s lope .  
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The o r i g i n a l  d a t a  w e r e  h ighly  s c a t t e r e d ,  and i n  o rde r  t o  make 

a comparison, only the  average a t  each pressure  i s  shown i n  

Figure 15. A t  a l l  pressures  except 1814 p s i a ,  t h e  averages were 

of two o r  more tests. 

was f i t t e d  t o  a l l  t h e  o r i g i n a l  da ta .  The s l o p e  of t he  regress ion  

l i n e  w a s  0.18 which is lower than t h e  theo r i e s  (14, 15) p red ic t .  

In add i t ion ,  a least squares  regress ion  l i n e  

A s ta t i s t ica l  ana lys i s  w a s  done on t h i s  d a t a  sample i n  order  

t o  ob ta in  confidence l i m i t s  on t h e  s lope  of t h e  regress ion  l i n e .  

A t  a 95 percent  confidence level the  s lope  of t he  l i n e  f a l l s  between 

-0.19 and 0.55, which i s  ind ica t ed  on the  f i g u r e  by the  do t t ed  l i n e s .  

It would be  expected t o  a 95 percent  level of confidence t h a t  i f  a 

l a r g e r  series of tests w e r e  run on t h i s  apparatus  t h e  s lope  of t h e  

regress ion  l i n e  f i t t e d  t o  t h i s  l a r g e  sample would f a l l  w i th in  these  

l i m i t s .  The s lope  113 f a l l s  i n  t h i s  confidence i n t e r v a l  i n d i c a t i n g  

t h a t  at the  95 percent  confidence l e v e l  t h e r e  is  no s t a t i s t i c a l l y  

s i g n i f i c a n t  d i f f e rence  between the  s lope  1 / 3  and t h e  s lope  of t h e  

regress ion  l i n e ,  0.18. 

It w a s  apparent  on examination of the  o r i g i n a l  d a t a  t h a t  t h e  

l i f e t i m e s  a t  814 p s i a  were r a t h e r  high i n  comparison t o  the  l i f e -  

t i m e s  a t  1014 and 1114 p s i a .  This w a s  poss ib ly  due t o  a reduced 

level of i g n i t i o n  d is turbance  a t  814 p s i a  compared t o  the  h ighe r  

pressure  da t a .  This could be a f a c t o r  con t r ibu t ing  t o  the  f l a t n e s s  

of t h e  least  squares  l i n e  shown i n  Figure 15. It i s  i n t e r e s t i n g  t o  

no te  t h a t  i f  t h e  814 p s i a  d a t a  i s  removed and a regress ion  l i n e  i s  

f i t t e d  t o  the  remaining da ta ,  t h e  r e s u l t i n g  s l o p e  is  0.372. 

ever, t he  confidence l i m i t s  f o r  t h i s  d a t a  are much wider than those 

How- 
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i n  Figure 15,  and since no b a s i s  could be  found f o r  e l imina t ing  the  

814 p s i a  d a t a ,  t h e  f l a t t e r  least squares  l i n e  w a s  kept  as repre- 

s e n t a t i v e  of t h e  p re sen t  experiment. 

4.4 Comparison of Theory wi th  Experimental Resul t s  

The f i n a l  s t e p  i n  eva lua t ing  t h e  d a t a  cons is ted  of a compar- 

i son  between the  s u p e r c r i t i c a l  combustion theo r i e s  (14, 15) and t h e  

experimental  da ta .  Rosner (15) p resen t s  a graph showing the  non- 

dimensionalized burning t i m e  as a func t ion  of v, t he  s toichiometry 

parameter,  f o r  h i s  theory and f o r  Spalding 's  (14) theory.  The 

graph is shown i n  Figure 16. Spalding 's  r e s u l t  i s  represented by 

t h e  s t r a i g h t  l i n e ,  Rosner's by the  curve. For very s m a l l  values  of 

t he  s toichiometry parameter t h e  models tend t o  converge, however, 

a t  l a r g e r  va lues  of I), Spalding 's  model always p r e d i c t s  a consid- 

e rab ly  l a r g e r  non-dimensional burning t i m e .  The s toichiometry 

parameter depends p r imar i ly  on the  r eac t ion ,  and f o r  n-decane 

burning i n  a i r  v = 0,0665. The r e s u l t a n t  dimensionless burning 

t i m e s  are 1.21 f o r  Rosner's theory and 1.30 f o r  Spalding 's .  

The dimensionless burning t i m e  p l o t t e d  i n  Figure 16 is  

def ined i n  Reference 15 as 

D12 
T = t b 7 .  

a b 

Thus, t o  dimensional ize  these  numbers, t he  equiva len t  f u e l  r ad ius ,  

a ,  and t h e  b inary  d i f f u s i o n  c o e f f i c i e n t ,  D12) must be found. 

d e f i n i t i o n  of t h e  equiva len t  r ad ius ,  a ,  comes from the  equat ion 

The 
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surrounding gas  dens i ty ,  p ,  w a s  evaluated using t h e  i d e a l  

a t  T = 4000°R, t h e  approximate flame temperature (21) and 
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(4.4) 

gas 

t h e  

e n t  chamber pressure .  The average of t h e  molecular weigh-s of 

n-decane and a i r  w a s  used i n  t h e  eva lua t ion  of t h e  gas constant  used 

i n  t h e  i d e a l  gas equat ion.  

l b m / f t  

t h e  i n i t i a l  diameter used t o  normalize t h e  measured l i f e t i m e s .  

Table 2 shows values  of p ,  a, and D12 f o r  each pressure  a t  which 

t h e  ca l cu la t ions  w e r e  made. 

The value of pR w a s  taken t o  be 45.5 

3 (19) and t h e  average d r o p l e t  rad ius  rR w a s  438 microns from 

The d i f f u s i o n  c o e f f i c i e n t  w a s  ca l cu la t ed  using two methods 

descr ibed i n  Reference 22. The f i r s t ,  recommended by Hirschfe lder ,  

Cur t i s s  and Bird (23) ,  is  given by t h e  following equation: 

0.001858 T3l2 [(M1 -I- M2)/M1M2] 1 / 2  

D,, = q (4.5) 
I L  

";2 'd 

The second method w a s  due t o  S l a t t e r y  (24) and i s  given by 

T1. 823 
- 2.74 P ) l / 3  

1 / 2  ('crl cr2 D12 - P 1 
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TABLE 2 

VALUES USED I N  THE THEORETICAL FIT 

D12 (Ref. 24) 

(cm /sec> 2 
P P a 

(psis) lbm/f t3 (microns) 

814 

1014 

1114 

1314 

1514 

1614 

1814 

2014 

3.243 

4.040 

4.439 

5.236 

6.032 

6.431 

7.228 

8.025 

105 7 

983 

952 

902 

860 

84 3 

80 8 

781 

0.0342 

0.0275 

0.0250 

0.0212 

0.0184 

0.0172 

0.0154 

0.0138 

0.0417 

0.0334 

0.0304 

0.0258 

0.0224 

0.0210 

0.0187 

0.0168 

Equations (4.5) and (4.6) w e r e  used t o  c a l c u l a t e  the d i f f u s i o n  

c o e f f i c i e n t s  a t  4000"R and one atmosphere p r e s s u r e .  A h i g h  p r e s s u r e  

1 c o r r e c t i o n  by S l a t t e r y  (24) w a s  used which w a s  based  on reduced 

p ropek t i e s .  

reduces t o  

i 
However, a t  h igh  reduced temperatures t h e  c o r r e c t i o n  

I 

Thus, t h e  h igh  p r e s s u r e  d i f f u s i o n  c o e f f i c i e n t  i s  i n v e r s e l y  propor- 

t i o n a l  t o  p re s su re .  

g ives  a rough estimate f o r  t h e  h igh  p r e s s u r e  d i f f u s i o n  c o e f f i c i e n t  

since no r e l i a b l e  c a l c u l a t i o n  method exists a t  t h e  p r e s e n t  t i m e .  

It must be emphasized here that Equation (4.7) 
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A p l o t  of t h e o r e t i c a l  burning t i m e s  is shown i n  Figure 1 7 ,  

which a l s o  shows t h e  experimental  d a t a  and t h e  least squares  l i n e  

f o r  t he  da ta .  The least squares  l ine is ind ica t ed  by the  s o l i d  

l i n e .  The b e s t  agreement f o r  the  t h e o r e t i c a l  l i n e s  is obtained 

using S l a t t e r y ' s  (24) method f o r  ca l cu la t ing  t h e  low pressure  

d i f fus ion  c o e f f i c i e n t .  The l i n e s  marked PS and DS i n d i c a t e  

Spalding 's  po in t  source and Rosner's d i s t r i b u t e d  source models. 

The s lope  of t he  t h e o r e t i c a l  l i n e  i s  always one-third,  which i s  

higher  than the  s lope  of t h e  least squares  l i n e ,  b u t  i s  wi th in  the  

95 percent  confidence l i m i t s  of the  d a t a  as discussed previously.  

Differences 

are very s m a l l  f o r  

d i c t i n g  a somewhat 

between Spalding (14) and Rosner's (15) t heo r i e s  

t hese  condi t ions with Spalding 's  theory pre- 

longer  burning t i m e .  The d i f f e rence  between the  

two theo r i e s  i s  g r e a t e r  as v g e t s  l a r g e r ,  which corresponds t o  an 

oxidant r i c h  environment f o r  t he  d rop le t .  
i 
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CHAPTER 5 

SUMMARY 

An experimental  s tudy of t he  combustion of b ip rope l l an t  drop- 

le ts  i n  a i r  w a s  undertaken. 

were t o  s tudy t h e  combustion of s i n g l e  supported d rop le t s  under 

pressures  which would produce near  c r i t i c a l  and s u p e r c r i t i c a l  burning 

and t o  compare t h e  quasi-steady and s u p e r c r i t i c a l  combustion theo r i e s  

with the  experimental  r e s u l t s .  

made on t h e  theo r i e s  i n  order  t o  obta in  r e l i a b l e  p red ic t ions  f o r  

The primary ob jec t ives  of t h e  experiment 

Necessary modif icat ions were t o  be 

drople t  l i f e  h i s t o r i e s .  

The experimental  apparatus  permit ted measurement of burning 

l i f e t i m e s  and d rop le t  temperatures under zero g rav i ty  condi t ions by 

means of a f r e e  f a l l  apparatus .  The presence of zero  g rav i ty  condi- 

t i o n s  el iminated t h e  problem of the  d rop le t  f a l l i n g  from i t s  support  

near  the  c r i t i c a l  po in t  due t o  reduced su r face  tens ion  and a l s o  

el iminated the  e f f e c t s  of n a t u r a l  convection i n  t h e  system. The 

f u e l s  used were n-decane and n-hexadecane. Two methods were used t o  

i g n i t e  t he  d rop le t s ;  t h e  f i r s t  cons is ted  of d i r e c t i n g  a s m a l l  

hydrogen d i f fus ion  flame toward the  d rop le t ,  the  second method 

employed an e l e c t r i c a l l y  heated w i r e  t o  d i r e c t l y  i g n i t e  t h e  d rop le t .  

The conclusions of the  s tudy were as follows: 

1. S u p e r c r i t i c a l  burning w a s  observed using the  

methods of t h e  experiment. 
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2 .  The analyses  of Spalding (14) and Rosner (15) 

agree  adequately wi th  t h e  experimental  da t a .  

method of determining t h e  average p rope r t i e s  

employed i n  t h e  t h e o r i e s  w a s  found which matched 

t h e  theory t o  the  experimental  burning t i m e s .  

A 

3. Conditions where d rop le t  g a s i f i c a t i o n  occurs almost 

e n t i r e l y  i n  t h e  s u p e r c r i t i c a l  mode were found, 

which q u a l i t a t i v e l y  s u b s t a n t i a t e d  the  p red ic t ions  

of Wieber (13) .  

4, It w a s  found t h a t  f o r  t he  condi t ions of t h i s  

experiment, i t  i s  i n c o r r e c t  t o  i n t e r p r e t  g a s i f i -  

c a t i o n  l i f e t i m e s  as combustion l i f e t i m e s  f o r  a l l  

pressures  t e s t e d .  Also i t  w a s  found t h a t  t he  t i m e  

from d rop le t  i g n i t i o n  t o  t o t a l  g a s i f i c a t i o n  

decreased as p res su re  w a s  increased.  

5. It w a s  found t h a t  a t  high pressures  a decane drop- 

l e t  spends a smaller f r a c t i o n  of i ts burning 

l i f e t i m e  i n  t h e  s teady  burning per iod ,  charac te r ized  

by t h e  d r o p l e t  remaining a t  i ts  "we t  bulb" temper- 

a t u r e .  An approach t o  t h e  w e t  bulb s ta te  w a s  

observed a t  pressures  over t w i c e  as high as the  

c r i t i ca l  pressure  of n-decane. 

6. A t  h igh p res su res ,  t h e  flame i g n i t o r  caused a 

g r e a t  amount of d i s turbance  a t  d rop le t  i g n i t i o n  and 

throughout t h e  combustion process .  This r e s u l t e d  

i n  ques t ionable  va lues  f o r  combustion l i f e t i m e s .  
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The h o t  w i r e  i g n i t o r  g r e a t l y  improved t h i s  

s i t u a t i o n  and w a s  judged t h e  b e t t e r  of t h e  two 

i g n i t o r  systems. 

7. Comparison of the r e s u l t s  wi th  t h e  flame i g n i t o r  

and h o t  w i r e  i g n i t o r  i n d i c a t e s  t h a t  t h e  presence 

of convection causes a s u b s t a n t i a l  reduct ion  of 

combustion t i m e .  The inf luence  of convection 

i s  an aspec t  of s u p e r c r i t i c a l  combustion t h a t  

deserves f u r t h e r  s tudy.  



APPENDIX A 

DERIVATION OF THE SUPERCRITICAL BURNING EQUATIONS 

A . l  In t roduct ion  

The following appendix p resen t s  a d e t a i l e d  de r iva t ion  of t he  

theory of s u p e r c r i t i c a l  combustion due t o  Spalding (14) and t h e  

modif icat ion of t h e  theory by Rosner (15).  The a n a l y s i s  presented 

he re  d i f f e r s  from Spalding 's  somewhat because t h e  b a s i c  equat ions 

used by Spalding are based on t h e  conservat ion of an element. The 

equat ions used i n  t h i s  appendix are based on the  conservat ion of a 

chemical compound. 

The equat ions obtained i n  the  following de r iva t ion  d i f f e r  

from the  equat ions  used i n  the  quasi-steady theory i n  t h a t  t he  

r a d i a l  convect ion. term is e l imina ted  b u t  t h e  t r a n s i e n t  t e r m  is  

r e t a ined  i n  the  equat ion of spec ie s  conservat ion.  The d i f f e rence  

between t h e  Spalding and Rosner models is  due t o  the  f a c t  t h a t  

Spalding assumes t h a t  t h e  f u e l  vapor d i f f u s e s  i n t o  the  flame zone 

from a po in t  source,  whi le  Rosner g ives  f i n i t e  dimensions t o  t h e  

source.  

The b a s i c  model c o n s i s t s  of a pocket of f u e l  vapor surrounded 

by a s p h e r i c a l  flame zone. Outside of t he  flame zone is  an 

environment conta in ing  oxidant .  Fuel  d i f f u s e s  outward t o  the  flame 

zone and oxidant  d i f f u s e s  inward t o  t h e  flame where the.y are 

i n s t a n t l y  reac ted  t o  form products  of combustion. 
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A.2 Spalding's Model (14) 

The following assumptions are made in Spalding ' s  analysis : 

1. 

2, 

3 .  

4. 

5. 

6 .  

7. 

Fluid properties are constant. 

Mass diffusivities of all species are identical 

and only concentration diffusion is present: in 

the system. 

Radial convection is negligible, i.e. the 

radial bulk velocity is zero. 

Body forces are neglected. 

The chemical reaction .can be represented by a 

single, one step reaction 

v w + vowo + vpwp . F F  

The reaction takes place in a thin flame zone. 

Only three components comprise the system: 

fuel, oxidant, and combustion products. 

The conservation equations are obtained from Williams (25). 

The conservation of species i is given by 

The constitutive diffusion relation is 

-+ N 

j=1 
vxi = 1 (5) (3 j - Vi) . 

The phenomenological chemical kinetic expression is 
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i = l , . . . , N  . 
Applying t h e  assumption t h a t  t he  b inary  d i f f u s i v i t i e s  are 

equal  i n  (A .2 )  and rear ranging  according t o  W i l l i a m s  (25) y i e l d s  

o r  

(A. 4 )  
-t 
Vi = -DV LnYi 

-+ vyi 

yi 
Vi = -D - 

S u b s t i t u t i n g  ( A . 5 )  i n t o  (A.l) g ives  

ayi = w + V*(pDVYi) . 
P a t  i 

For a s i n g l e ,  one s t e p  r e a c t i o n  Equation (A.3) becomes 

s i n c e  

then 

w = w (VI1 - v i )  w * i i i  

S u b s t i t u t i n g  t h i s  expression i n t o  (A.6) y i e l d s  

(A. 10) 
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Defining 

and s u b s t i t u t i n g  t h i s  expression i n t o  (A.10) gives  

(A. 11) 

(A. 12) 

Now the  subsc r ip t s  F, 0 ,  and P w i l l  r epresent  f u e l ,  ox iwmt ,  and 

products r e spec t ive ly .  Le t t i ng  

$ ' f a  - a  (A. 13) P F 

gives  

yF yP 

vPwP 'F'F 
+ -  @ '  = - (A. 14) 

Subs t i t u t ing  (A.13) f o r  ap i n  (A.12) and using (A.12) t o  e l imina te  

the  r eac t ion  term, w, y i e l d s  

- V*(pDVB') = 0 . Pdt 

The following q u a n t i t i e s  may be def ined 

13; = B'(r I a, t = 0) 

o r  

and 

o r  

1 = -  
%I VFWF 

(A. 15) 

(A. 16) 

(A. 17) 

(A. 18) 



yPQ) 6; = - 
vPwP 

(A. 19) 

It is assumed t h a t  t he  gas f a r  from the d rop le t  has  some cons tan t  

concentrat ion of products ,  Yp,. Now l e t t i n g  

and s u b s t i t u t i n g  (A.20) i n t o  (A.15) y i e l d s  

- V*(PDVr) 0 , ar 
P a t  

I n  s p h e r i c a l  coordinates  (A.21) becomes 

The f i r s t  boundary condi t ion  app l i e s  a t  very l a r g e  rad ius .  

A t  

r + m  r = o  
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(A. 20) 

(A. 21) 

(A.22) 

(A. 23) 

s ince  

The second boundary condi t ion arises from the  f a c t  t h a t  t h e  t o t a l  

amount of f u e l  i n  t h e  system is constant  ( e i t h e r  as f u e l  o r  reac ted  

t o  form products) .  This can be  w r i t t e n  as 

Q) 

0 

The i n i t i a l  amount of f u e l  i n  the  system is 

(A. 24) 
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Q 
1 
.i 

m 
v w  

W = 1 4m2p FF Ypm d r  + Wf 
"PWP i n  

a 

(A. 25) 

where Wf is the  m a s s  of f u e l  i n j e c t e d  i n  a t  t = 0. Wf is given by 

a 

Wf = 1 4npr2 d r  . 
0 

(A. 26) 

However, when W 

of t h e  ambient f u e l  (which e x i s t s  as products)  equal  t o  

is  i n j e c t e d  i n t o  the  system, it d i sp laces  an amount f 

v w  
Ypa d r  . 2 F F  47rr p - 

0 vPwP 
(A. 27) 

This amount must be sub t r ac t ed  out  i n  Equation (A.25). 

s t i t u t i n g  (A.26) i n t o  (A.25) and sub t r ac t ing  (A.27) y i e l d s  

Thus, sub- 

W 

d r  + [ 4nr2p (1 - - vFwF ) d r  . (A.28) Win 1 4.rrr p - vpwp yP=J 
0 

Since W i n  

(A. 26) t o  y i e l d  

= W t ,  (A.24) may be combined with (A.28) a l s o  us ing  

a 

2 'F'F dr 
= 147r r  p vpwp yPa  

0 0 

(A. 29) 

Solving (A.29) f o r  Wf and not ing  t h a t  
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gives  

" 7 4 

- 'F'F 
'F i- vpWp ('P - 'Pm) 

r =  
"F'F 

1 -  vpwp 'Pm 

m 

2 Wf = 4 n r  p r  d r  

0 

(A. 3 0 )  

(A. 3 1 )  

f o r  t he  second boundary condition. 

The i n i t i a l  condi t ion  i s  t h a t  a t  t = 0 and r L a t h e  f u e l  

mass f r a c t i o n  i s  1. For r > a,  the  concent ra t ion  of products i s  

simply t h e  ambient concent ra t ion  Ypm. 

t h e  i n i t i a l  condi t ion  becomes 

I n  terms of t h e  v a r i a b l e ,  I?, 

t = O  , r l a  , r = i  (A.  3 2 )  

t = O  , r > a  , r = o  . (A. 3 3 )  

A t  t h i s  p o i n t ,  Spalding produces a p a r t i c u l a r  s o l u t i o n  f o r  

( A . 2 2 )  and t h e  boundary condi t ions .  The s o l u t i o n  is  t h e  following: 

2 
e*P (&) wf r =  

p (4nDt)  3 / 2  
(A. 3 4 )  

2 Spalding then n o t e s ,  t h a t  f o r  t i m e s  of order  g r e a t e r  than a /D t h e  

f u e l  d i s t r i b u t i o n  is  independent of whether t h e  i n i t i a l  mass i s  

concentrated a t  a po in t  o r  is  f i n i t e l y  d i s t r i b u t e d .  H e  t he re fo re  

uses Equation ( A . 3 4 )  without  t h e  i n i t i a l  cond i t ion ,  and notes  t h a t  

( A . 3 4 )  is u n r e a l i s t i c  a t  very s h o r t  t i m e s .  
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Examining condi t ions  a t  t h e  flame, where Y = 0 ,  Yo = 0 F 

and Yp = 1 and not ing  t h a t  

and 

then 

Ypm + YOm = 1 

L, w + v w -t vpwp F F  0 0  

(A. 35) 

(A. 36) 

(A. 3 7 )  

Solving ( A . 3 4 )  f o r  r when r = r y i e l d s  the  flame pos i t i on  as a f 

func t ion  of t i m e  

Defining t h e  following dimensionless q u a n t i t i e s  

(A. 38) 

(A. 3 9 )  

(A. 40) 

and s u b s t i t u t i n g  i n t o  ( A . 3 5 )  y i e l d s  f o r  t h e  dimensionless flame 

rad ius  



63 

d i f f e r e n t i a t i n g  (A.41) and s e t t i n g  the d e r i v a t i v e  equal  t o  zero 

gives  the  maximum value of 9. 

= 0.419 (A.42) ‘max 
where 

e = 0.368 (A. 43) 

thus the  maximum flame rad ius  i s  

A t  the  end of burning rf = 0,  and the re fo re  + = 0. When 

9 = 0 ,  9 = 1. Subs t i t u t ing  e = 1 i n t o  (A.40) y i e l d s  

L = 
tb 4nD (A. 4 5 )  

To obta in  the  pressure  dependence of the  burning l i f e t i m e ,  

t he  above equat ion can be  mul t ip l i ed  by p / p  , 

product (pD) remains constant  with pressure  (14) y i e l d s  

Noting t h a t  t he  

(A. 46) 

Since p i s  propor t iona l  t o  p re s su re ,  the  burning t i m e  i s  propor- 

t i o n a l  t o  the  cube roo t  of pressure .  It is a l s o  important t o  note  

from Equation (A.43) that the  burning t i m e  i s  propor t iona l  t o  the  

two-thirds power of t he  i n i t i a l  d rop le t  mass, and is  the re fo re  

propor t iona l  t o  the  square of the i n i t i a l  d rop le t  rad ius .  
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A . 3  Rosner's Solution (15) 

Rosner's solution of the supercritical droplet combustion 

problem involves the same assumptions and the same differential 

equation, ( A . 2 2 ) ,  developed in the preceding section. Rosner, 

however, does not neglect the initial condition as Spalding does. 

Because of this additional simplification Spalding indicates that 

his solution is not applicable for times of order less than a /D. 

Thus, for short burning times, which would occur in an oxidant rich 

environment, Spalding's solution would not be expected to be 

reliable. In this area, Rosner's theory predicts considerably 

2 . 

shorter burning times. For lower oxidant level environments the 

burning times for each theory are nearly identical. 

Rosner's solution is described below. Beginning with the 

differential equation 

Rosner defines the following quantities 

(A.  22) 

(A. 47) - u  
T = t 2  

a 
and 

rl E r/a . (A.  48)  

The boundary conditions and initial conditions are as follows: 

at 

r l + a  r = o  (A.  49)  
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2 3rn dn = 1 i 
0 
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(A. 50) 

and a t  

. r = O  1111 r = i  (A. 51) 

. r = o  r l ' l  r = o  . (A. 52) 

The above are simply t h e  dimensionless forms of Equations (A.23) , 

(A. 31),  (A.  32) and (A. 33). 

Rosner's s o l u t i o n  of (8.22) wi th  t h e  boundary and i n i t i a l  

condi t ions  descr ibed above is 

{ exP [- *] - exp [- e]]; (A.53) 

A t  t he  flame s u r f a c e ,  from Equation (A.37) 

- - 
r f  vowo 

+ yoCO 
'F'F 

Rosner de f ines  t h e  t e r m  

(A. 37) 

(A. 54) 

Y is equal  t o  1.0 f o r  t h i s  model. S u b s t i t u t i n g  (A.54) i n t o  

(A. 37) y i e l d s  
F ¶.e 
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V 
x1- 

r f  l + v  (A. 55) 

Rosner's s o l u t i o n  f o r  t h e  flame loca t ion  as a func t ion  of t i m e  i s  

descr ibed by t h e  equat ion 

Reference 15 shows the  dimensionless flame rad ius ,  n f ,  as a func t ion  

of T ,  t h e  dimensionless t i m e ,  f o r  bo th  t h e  Spalding and Rosner 

models. 

The end of burning occurs when n f  -+ 0 .  Examining Equation 

(A.56) i t  is seen t h a t  as n f  goes t o  zero t h e  second term on the  

r i g h t  hand s i d e  becomes indeterminate .  

s u b t r a c t  ou t  i n  t h e  numerator and q 

I f  L 'Hospi ta l ' s  Rule is  appl ied  t o  t h i s  term, the  s o l u t i o n  f o r  t h e  

burning t i m e  s a t i s f i e s  t h e  equat ion 

The exponent ia l  terms 

goes t o  zero i n  t h e  denominator. f 

A comparison of t h e  dimensionless burning t i m e s  as a func t ion  of v 

f o r  both theo r i e s  (14, 15) is  shown i n  Figure 16 i n  Chapter 4 .  

To f i n d  the  pressure  dependence of t h e  dimensional burning 

t i m e s  i n  Rosner's s o l u t i o n ,  it must be  noted t h a t  f o r  a given va lue  
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of the  s toichiometry parameter, i s  f ixed .  From the  d e f i n i t i o n  ‘b 

of T i t  i s  seen t h a t  b y  

(A. 58) 

% 

Since the product (pD) is r e l a t i v e l y  unaffected by pressure ,  this 

equat ion may be written 

2 a 
tb ‘b (pD) 

The apparent r ad ius ,  a ,  is propor t iona l  

t i o n a l  t o  p re s su re ,  f o r  t he  assumptions 

(A.59) 

t o  P -1’3, and p i s  propor- 

used i n  t h i s  ana lys i s .  

Thus, the  burning t i m e  is  propor t iona l  t o  t h e  cube root  of pressure.  

Since a is  propor t iona l  t o  rl, the  d rop le t  l ifetime i s  

propor t iona l  t o  t h e  i n i t i a l  d rop le t  diameter squared. 

agrees  with Spalding’s.  

This r e s u l t  



APPENDIX B 

ANALYSIS OF TKE THERMOCOUPLE TIME RESPONSE 

It w a s  f e l t  t h a t  an ind ica t ion  of t he  thermocouple's a b i l i t y  

t o  follow the  temperature of t he  d rop le t  would be a comparison of 

the  t i m e  constant  of t he  thermocouple bead i n  the  d rop le t  l i q u i d  

wi th  the  t i m e  constant  of t he  s p h e r i c a l  d rop le t  immersed i n  gas. 

Examining a model where a s p h e r i c a l  p a r t i c l e  i s  i n  equi l ibr ium with 

a f l u i d  ba th  a t  T f ,  and the  f l u i d  undergoes a s t e p  change i n  temper- 

a t u r e ,  an energy balance on the  p a r t i c l e  y i e l d s  

PVC P - = T f - T .  dT 
hA d t  

The t i m e  constant  is t h e  quan t i ty  

P V  . 
Ah 

The f i l m  c o e f f i c i e n t  is h = NuK / D  . 
the  absence of convection, Nu = 2.0. 

Subs t i t u t ing  i n t o  (B.2) y i e l d s  

For a s p h e r i c a l  p a r t i c l e  i n  

Also f o r  a sphere V/A = Dp/6. 
f P  

Table 3 shows the  numerical  values  used i n  ca l cu la t ing  the  

thermocouple and d rop le t  t i m e  cons tan ts .  The gas i s  taken t o  be 
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a i r  wi th  p r o p e r t i e s  eva lua ted  a t  1940°F, and t h e  d r o p l e t  l i q u i d  i s  

n-decane. 

chrome1 and 50 percent  alumel by weight. 

The thermocouple bead is assumed t o  c o n s i s t  of 50 percent  

P r o p e r t i e s  were obtained 

from References 19, 26, 27, 28, and 29. 

from Table 3 i n t o  Equation (B.3) g ives  T; = 1.9 sec and T' 

0.103 sec .  

S u b s t i t u t i n g  t h e  values 

= 

Thus, t h e  t i m e  cons tan t  f o r  t he  d r o p l e t  is 10.8 t i m e s  

t c  

t h a t  of t h e  thermocouple bead, i n d i c a t i n g  t h a t  t h e  thermocouple 

should fo l low t h e  d r o p l e t  temperature wi th  no d i f f i c u l t y .  

TABLE 3 

PROPERTIES USED I N  CALCULATION OF TIME CONSTANTS 
~ ~~~ 

Thermocouple Bead Liquid Droplet 

P 

lbm/ f t 541 

C 
P 

BtW/lbm-OF 0.116 

kf 
Btw/hr-ft-OF 0 * 081 

D 
P 

i n .  0.008 

45.79 

0.588 

0.053 

0.030 
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APPENDIX C 

ANALYSIS OF THE HEAT CONDUCTED FROM THE FLmE TO THE 

DROPLET BY THE THERMOCOUPLE WIRES 

A s impl i f i ed  model w a s  used t o  estimate t h e  amount of h e a t  

t r ans fe r r ed  t o  the  d rop le t  from the  flame by means of t h e  thermo- 

couple w i r e s .  

flame t o  t h e  d rop le t  through t h e  surrounding gas. 

This w a s  compared t o  t h e  hea t  conducted from the  

The following 

assumptions were made i n  the  ana lys i s :  

1. 

2 .  

3 .  

4 .  

5. 

H e a t  t r a n s f e r  w a s  quasi-steady, i . e .  a / a t  = 0. 

The p e r f e c t  gas assumption w a s  made wi th  

constant  f l u i d  p rope r t i e s .  

Mass flow w a s  neglected.  

Spher ica l  symmetry w a s  assumed. 

Convection on the  su r face  t o  the  thermocouple 

w i r e s  w a s  neglected.  

Employing t h e  above assumptions, the  d i f f e r e n t i a l  energy equa- 

t i o n  f o r  h e a t  conducted through the  surrounding gas i s  

d 2 dT - ( r  -) = 0 d r  d r  

with the  boundary condi t ions 

r = r L  , T = T R  

, T = T f  f r = r  
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s o l u t i o n  of (C.l) wi th  t h e  boundary condi t ions  y i e l d s  

Heat conduction through t h e  thermocouple wires is  e s s e n t i a l l y  

a one-dimensional problem s i n c e  convection from t h e  su r face  of t he  

wires i s  neglected.  The energy equat ion  becomes 

= o  - d2T 
2 d r  

wi th  t h e  boundary conditions 

r = r e  , T = T L  

r = r  f $ T = T f  . 

Solu t ion  of (C.5) wi th  (C.6) and (C.7) y i e l d s  

a = k A  Tf - TL 
f - '1 w w r  

Thus from (6.8) and (C.4) 

(c.5) 

The thermocouple w i r e s  w e r e  chrome1 and alumel, s o  an average 

thermal conduct iv i ty  f o r  t he  two materials w a s  used f o r  k $ equal  t o  

14.13 Btw/hr-ft-OF. 

t h e  two w i r e s  w a s  equa l  t o  1.418 x 

w a s  equal  t o  0.0173 i n .  and r w a s  0.15 i n .  The su r face  area of t he  

W 

The w i r e  rad ius  w a s  0.0015 i n . ,  s o  t h a t  A f o r  

The d r o p l e t  rad ius  rL 

W 
2 i n  . 

f 



72 

‘ I  1 

2 drop le t  w a s  0.0038 i n  . The gas w a s  taken t o  be a i r  a t  1700°R, s o  

t h a t  k = 0.041 Btw/hr-ft-OR. The property values  were taken from 

References 26 and 27. Subs t i t u t ing  the above values  i n t o  ( C . 9 )  

y i e l d s  

g 

14.81 percent  9, 

4f 
- =  

f o r  t h i s  h ighly  s impl i f i ed  ana lys i s .  
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